The extensometer or "rubbery ruler" (RR) is a new torso transducer with potential application in the field of respiratory pattern analysis. This paper determines whether the RR can measure tidal volume over a clinically useful time frame following spirometric calibration. Laboratory testing identified no error or baseline drift during 774,000 controlled stretches. Clinical testing in a variety of patients demonstrated that 96.6% of derived spirometric values were contained within an error range of +15.2% to -16.9% of spirometrically measured tidal volume and that accuracy did not change over a period of one hour. These results are encouraging and suggest that this device merits further investigation.
The extensometer or "rubbery ruler" (RR) is a new transducer of length with potential application in the field of respiratory pattern analysis (European patent application number 906 30023.1). It has been produced by the School of Physics at the University of Melbourne. The principles behind the device have already been described!,' Briefly it comprises a length of silicone rubber containing two wires coiled like a double helix. It behaves like a variable parallel plate capacitor when stretched and instantly measures changing length to high resolution (lO-6 m ). When used in respiratory monitoring the RR functions as a torsotransducer with one RR placed around the chest and a second around the abdomen.
The first clinical study on the RR demonstrated its use in ten ventilated patients. I A second study in spontaneously ventilating awake volunteers' showed that the RR could predict tidal volume to within + 22.5070 to -13.9070 following spirometric calibration and that it was capable of distinguishing between a normal and an obstructed breath. Both of these early studies only tested the RR over short periods of time. Any device with potential in the field of respiratory pattern analysis must be capable of measuring tidal volume to a moderate degree of accuracy over prolonged periods following initial spirometric calibration.
The current "gold standard" in noninvasive respiratory monitoring is the respiratory inductive plethysmograph (RIP). This has been commercially available since 1979 and can predict tidal volume to within ± 20070 of spirometrically measured tidal volume in awake patients despite changes in posture over prolonged periods. 3 This level of accuracy is regarded as clinically useful in respiratory pattern analysis. 4 Noninvasive respiratory monitoring devices only provide a semi-quantitative estimate of tidal volume. Calculation of tidal volume depends on spirometric calibration and adjustment of the ribcage and abdominal transducer gains in accordance with the Konno-Mead principle. s Once calibrated, the output is verified for volumetric accuracy, timing and proportionality. Subsequent spirometric recalibration should be performed at regular intervals or when errors are detected and can take as little as five minutes without the need for special breathing manoeuvres. 4 Inaccuracy in noninvasive respiratory monitoring devices can build up over a period of time through patient movement, passive changes in thoracoabdominal dimensions, transducer migration, physical changes in the transducers or software errors.
These studies were designed to determine if there is any error or baseline drift in the output from the RR during dynamic laboratory testing and determine if it can measure tidal volume over periods of one hour without any change in accuracy in awake volunteers, spontaneously ventilating anaesthetised patients and ventilated anaesthetised patients in the supine position. A period of one hour was chosen because it was felt to represent the shortest clinically useful time frame.
METHODS

Laboratory Testing
The RRs and a prototype data acquisition system were supplied by the University of Melbourne. The RRs, which were identical, were 30 cm in length and were capable of being stretched to 150070 of their original length without being damaged (Alberto Cimmino, personal communication). The static output of this version of the RR has been previously reported. 6 The dynamic output from one of the RRs was assessed using an Instron 1341 servo hydraulic materials testing machine (High Wycombe, UK). This device was capable of repeatedly stretching the RR by a predetermined length for an indefinite time period with an accuracy of ±0.02 mm and with a frequency response of -3dB at 500 Hz. The RR was attached to the Instron 3141 by steel hooks and was stretched to 105070 of its original length. The RR was connected to the data acquisition system (RR Data Acquisition System, version 1.11, M. Grigg) which recorded the changing length of the RR ten times a second to a chosen resolution of 0.5 mm. The RR was then stretched with a sine wave pattern at three frequencies: 2.5 Hz, 0.5 Hz and 0.33 Hz at 1 cm and 0.5 cm lengths for periods of between 6 and 120 hours. Data was stored in ten-minute files and downloaded onto Quattro Pro software for analysis. 0.2 seconds of data was lost during the storage and creation of each new ten-minute file.
Clinical Testing
Ethical Committee approval and informed consent were obtained. Twenty-four subjects were monitored for a period of 60 minutes each. The subjects included eight awake volunteers and sixteen consecutive patients ASA 1-2 undergoing routine surgery to the limbs expected to last over an hour. Group 1 (awake group) consisted of eight volunteers. Group 2 (SV group) consisted of eight anaesthetised patients who breathed spontaneously through a laryngeal mask airway. Group 3 (lPPV group) consisted of eight anaesthetised patients who were intubated and ventilated. Groups 2 and 3 patients were premedicated with temazepam. In group 2, anaesthesia was induced with propofol 2.5 mg/kg and anaesthesia maintained with 33070 oxygen in nitrous oxide and 2.5070 enflurane. Group 3 patients were induced with a similar dose of propofol, paralysed with vecuronium and ventilated with 33070 oxygen in nitrous oxide and 1070 enflurane. In groups 2 and 3, monitoring consisted of electrocardiography, indirect blood pressure, pulse oximetry, capnography, end-tidal enflurane, inspired oxygen concentration and a peripheral nerve stimulator.
Anaesthesia and Intensive Care, Vol. 21, No. I, February, 1993 The age, weight and height were noted. In addition the circumference of the chest at the level of the 4th rib in the mid-clavicular line and the circumference of the abdomen at the level of the umbilicus was recorded. All subjects were studied in the supine position. Tidal volume (TV) was recorded with an Ohmeda 5400 tidal volume monitor, which is an electronic version of a Wright's respirometer that is humidity compensated and is accurate to within 8070 according to manufacturers' specifications. The volunteers breathed through a circuit with a one-way valve which incorporated the tidal volume monitor on the expiratory side of the valve. Breathing was through a mouth-piece with a nose-clip in position. The volunteers were allowed a period of practice before recording commenced. In the anaesthetised patients the tidal volume monitor was incorporated into the expiratory limb of a circle system. Fresh gas flow rates of 4 l.min· 1 were maintained in groups 2 and 3 and prior testing showed that this had no significant effect on spirometrically measured tidal volume. Ventilation was achieved with an Ohmeda 7000 ventilator. Frequency was set at 12 breaths. min· 1 and the inspiratory to expiratory ratio at 1:2. In group 3 the train-of-four count was maintained at 1 or less.
In all subjects the RRs were connected to rigid fabric bands with Velcro attachments which were placed around the chest and abdomen at the position where the circumference was measured. Each RR was stretched to 105070 of its original length when the subject was at functional residual capacity (FRC). In groups 2 and 3 this was performed when anaesthesia was established. The RRs were connected to the data acquisition system which recorded the changing circumference of the chest (RC) and abdomen (AB) ten times a second and with a chosen resolution of 0.5 mm. Data was stored in ten-minute files and downloaded onto Quattro Pro software for analysis.
Spirometric tidal volumes (TVspir) for the first 20 breaths of each ten-minute file were recorded. Volunteers were asked to vary their tidal volumes during this 20-breath period which involved a gradual increase and then decrease in tidal volume. No attempt was made to alter the tidal volume of group 2. In group 3, tidal volumes were adjusted so that the EtCO, was within the normal range, but were not altered once recording was started.
At the end of data collection the RR outputs were retrospectively calibrated by analysing the first 20 breaths recorded at the start of the first ten-minute file using the formula: m = TVspir / (RC + AB) and a mean value (M) for all m determined for the first 20 breaths. This value M was then used to calculate tidal volume (TVealc) for the first 20 breaths of each subsequent ten-minute file using the formula:
The percentage error for each breath was determined by comparing the calculated tidal volume and spirometrically measured tidal volume according to the formula:
[(TVcalc / TVspir) X 100] -100 = percentage error.
The mean (SO) of the percentage error was determined for the first 20 breaths of each subsequent ten-minute file.
The accuracy of the RR over each 20-breath period can be divided into two components. The mean value for percentage error over the 20 breaths reflects drift from the mean spirometric tidal volume (drift) and the standard deviation of the percentage error of the 20 breaths reflects the spread of error about this drift (spread). The mean (SO) of drift and spread was calculated for each subject, each group and for the eight subjects of each group at 10, 20, 30, 40, 50 and 60 minutes following calibration. The mean (SO) of drift and spread were also calculated for the first and second 30 minutes of the data recorded for each subject. Finally the ratio of RC / AB was determined for each breath recorded and the overall mean (SO) ratio determined for each group. No attempt was made to adjust the gains on the RC or AB transducers during the study.
Comparisons were made between the mean drift and spread for each group and the mean drift and spread between the first and second 30 minutes for each individual and each group. Statistical analysis was with Student's t-test since the data analysed was found to be normally distributed. Significance was taken as P < 0.05.
RESULTS
Laboratory
The RR was tested for a period of 270 hours during which it was stretched 774,000 times. The results are given in Table I . The RR output was reliable and repeatable over all frequencies and time frames tested with no errors or baseline drift detectable at this level of resolution. No faults were detectable with the data acquisition system when compared with the output from the Instron 1341.
Clinical
Demographic data is presented in Table 2 . There were 16 men and 8 women. Data from all 24 subjects were included in the analysis. The awake volunteers were significantly younger than the anaesthetised patient groups, but were otherwise comparable. A total of 25,440 breaths were recorded and 2,880 (ll 070) of breaths analysed. Analysis of all breaths would have The mean (SO) of drift for all groups was -0.7070 (6.5) and the mean (SO) of spread for all groups was 8.1070 (ll) ( Table 4 ). Drift in the SV group was significantly greater than in the awake or IPPV groups (P < 0.01), but was small (-3.2070 ). Spread in the IPPV group was less than the awake group (P < 0.05) and the SV group (P < 0.1). The change in mean drift and mean spread between the first and second 30 minutes for each group is given in Table 5 . The mean (SO) for change in mean drift for all groups was -1.06070 (5.41) and the mean (SO) for change in mean spread for all groups was -0.637070 (2.67). Four subjects had a significant change in drift and in two subjects there was a significant improvement in spread (P < 0.05). There was no significant difference in change in mean drift or mean spread between groups. The mean (SO) of the ratios of RC / AB for the awake, SV and IPPV groups were 0.835 (0.183), 0.36 (0.203) and 0.369 (0.208) respectively. The RC / AB ratio is significantly higher in the awake group compared to the SV and IPPV groups (P < 0.001) in the these patients.
DISCUSSION
Simple static tests of the output from the RR before and after this study revealed no change despite being stretched over 800,000 times. The results of laboratory testing indicate that the RR in combination with the prototype data acquisition system is capable of reliably measuring and recording changing length over considerable periods of time without any error or baseline drift at a level of resolution adequate for measuring tidal volume in adults. The lack of baseline drift and high resolution gives it some possible technical advantages over the RIP, but this requires confirmation. Clinical testing revealed that spread was least in the IPPV group. This correlates well with the findings of the previous study on ventilated patients' which indicated that the relationship between tidal volume and the sum of chest and abdominal wall circumference change was highly linear (R2 0.99). Chest wall movement was significantly reduced in the SV anaesthetised group compared with the awake group. This fits in with previous studies which suggest that there is depression in the ribcage contribution to tidal breathing during halothane anaesthesia. 7 ,8 This finding has not been reported for spontaneous ventilation enflurane anaesthesia. The wide variation in tidal volumes between groups and the lack of intra-patient RC / AB control ratios means that these findings should be interpreted with caution.
The mean (SO) for changes in mean drift and mean spread between the first and second 30 minutes for all groups were 1.06070 (5.41) and -0.64070 (2.67) respectively, suggesting little alteration in accuracy of the RR with time. The results of clinical testing depend critically on the accuracy of the tidal volume monitor. Random errors were introduced by the Ohmeda 5400 tidal volume monitor and it is possible that the results may have been better if a more accurate tidal volume monitor had been available. The results might also be improved by calibrating the gains on the RC and AB transducers in accordance with the Konno-Mead principle. '
Anything which alters the chest and abdominal wall circumference will change the baseline stretch of the RR at FRC and lead to potential errors. Patient movement can cause displacement of the transducers. Passive changes in circumference can be related to variations in intestinal gas volume or movement of subcutaneous tissue. The highly linear output from the RR means that measured length change is similar even if the baseline stretch changes. 6 Hence inaccuracies due to minor shifts in baseline stretch could be considerably reduced by analysing length change from breath to breath rather than length change from a set baseline. Any larger changes in baseline length, which might produce significant inaccuracy, could be detected by appropriately designed software which could notify the user that the RR requires recalibration.
The current study has demonstrated that the RR can predict tidal volume to within + 15.2070 to -16.9070 of spirometrically measured tidal volume in 96.6070 of breaths, and that the accuracy does not alter significantly over periods of at least one hour. This indicates that the RR could be used to monitor tidal volume over the studied range of tidal volumes in awake volunteers, spontaneously ventilating anaesthetised patients and ventilated anaesthetised patients in the supine position, and without adjustment of the RC and AB gains. Under these conditions spirometric validation need only be performed every hour and perhaps considerably less often. These results are encouraging and confirm the potential of the RR as a research tool for measuring tidal volume in the supine position. Further development of the data acquisition system is currently in progress, and this will allow immediate interfacing with a spirometer and online analysis of a wide variety of thoraco-abdominal indices and speed up further research into this device. Confirmation that the RR is clinically useful in awake patients awaits short-and long-term studies in a variety of different postures and different patient types.
